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SUMMARY 

Performance characteristics of four experimental hydrocarbon fuels 
having high volumetric energy contents were determined in a single tub- 
lalar tiirbojet combustor. Carbon deposits, exhaust -gas smoke formation, 
and combustion efficiency were measiared at conditions simulating oper- 
ation of a 4-pressure -ratio engine at 20,000-foot altitude and zero 
flight speed. Carbon deposits and combustion efficiencies were also 
measured at conditions simulating a 7-pres sure -ratio engine at sea level 
and a flight Mach number of 0.87. Additional efficiency tests were con- 
ducted with two of the experimental fuels at conditions simulating a 
5-pressure-ratio engine at 56,000-foot altitude and a flight Mach number 
of 0.6. For comparison, similar performance data were obtained with 
MIL-F-5624B, grades JP-4 and JP-5 fuels. 

The high-Btu-per-gallon fuels generally produced larger carbon 
deposits and more exhaust-gas smoke tlian did the JP-4 and JP-5 fuels. 
Data indicated that the use of a fuel-oil additive inay reduce deposits 
with the experimental fuels to a tolerable level; the additive will not 
alleviate the exhaust-gas smoke problem, however. 

Significant differences in combustion efficiency among the fuels 
were observed only at the high-altitude (56,000 ft) cruise condition. 

At this condition, efficiencies with JP-4 fuel were slightly higher 
than those with JP-5 fuel, and significantly higher than those with the 
experimental fuels. Although not investigated, modifications in the de- 
sign of the combustor and the fuel injector would be expected to improve 
performance of the combustor with the experimental fuels . 


INTRODUCTION 

The range of an aircraft is markedly affected by the energy con- 
tent of its fuel. A fuel releasing the most energy from the smallest 
and lightest package would provide maximum range. Unfortunately, for 
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hydrocarbon fuels that are available in large quantities, an increase 
in energy content per unit volume is accompanied by a decrease in 
energy content per mit weight. The relative importance of volume and 
weight of the fuel load to aircraft performance will therefore deter- 
mine the required compromise in heating values. 

Aircraft that are being developed for high-speed fli^t may, in 
some applications, be volume limited; that is, because of external drag, 
the volume of the aircraft components may be more critical than their 
weight. In such cases it would be desirable to use fuels with high- 
volumetric- energy contents. Three hydrocarbon fuels having high -volu- 
metric-energy contents were tested in a single turbojet combustor (ref. 
l); they gave reduced combustion efficiency, poorer altitude ignition 
characteristics, and increased carbon deposits, compared with conven- 
tional jet fuel. These fuels were pure hydrocarbons that wovild not be 
available in sufficient quantities for large-scale use. 

The Wright Air Development Center procured three hlgh-volumetric- 
energy- content fuel blends having greatly improved potential avail- 
abilities. The volimietric- energy contents of these fuels were from 

10 to 18 percent greater than MIL-F-5624B, grade JP-4 fuel. Combustion 
performance investigations with these fuels and with a No. 2 furnace 

011 having a 9-percent-higher volumetric -energy content than JP-4 fuel 
were conducted at the-NACA Lewis laboratory in a single tubular tiorbo- 
jet combustor. The res\ilts are presented herein. Combustion effi- 
ciencies were determined at inlet-air conditions simulating operation 
in a 5-pressure-ratio engine at 56,000-foot altitude, 85-percent rated 
engine speed, and 0.6 flight Mach number. Combustor carbon deposits 
were measxired at the following two simulated engine operating condi- 
tions; (l) 4-pressure-ratio engine, 90-percent rated engine speed, 
20,000-foot altitude, and zero flight Mach number; and (ll) 7-pressure- 
ratio engine, rated engine speed, sea level, and 0.87 flight Mach num- 
ber. Limited data obtained with a fuel additive that reduced deposits 
of fuels in previous tests are reported. In addition to combustion- 
chamber deposits, exhaust- gas smoke concentrations were measured at 
condition I. 

The data obtained with the four experimental fuels are compared 
with similar data obtained with MIL-F-5624B, grades JP-4 and JP-5 fuels. 


FUELS 

The fuels tested included experimental high-Btu-per-gallon fuels 
A, B, and F54-19 procured by the Wright Air Development Center, a No. 2 
furnace oil used at the Lewis laboratory for carbon-deposit studies, 
two JP-4 fuels, and two JP-5 fuels. 
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Analyses of the fuels are presented in table I. The volumetric 
and gravimetric heating values are compared in figure 1. Included in 
this figure are the heating values of three high-Btu-per-gallon pure 
hydrocarbon fuels ^ tetralin, decalin^ and monomethylnaphthalene ^ re- 
ported in reference !• Fuels tested in the present investigation had 
volimietric heating values to 143X10^ Btu per gallon^ or approximately 
18 percent higher than that of JP-4 fuel. A decrease of about 7 per- 
cent in Btu per poimd accompanied this increase. 

The two JP-4 fuels varied in their physical and chemical properties 
NACA fuel 52-288 was a ”high quality" JP-4 fuel, NACA fuel 52-76, a 
"minimum quality" JP-4 fuel. The two JP-5 fuels were very similar (see 
table l). 


APPARATUS AND PROCEDURE 

Carbon-deposit and combustion- efficiency tests were conducted with 
the J33 liner and dome assembly shown in figure 2. This combustor was 
designed for, and is currently being operated with MIL-F-5624B, grade 
JP-4 fuel. No modifications to the combustor or the fuel injector 
were made for tests with the experimental fuels. The combustor liner 
and dome assembly was installed in the facility shown in figure 3(a) 
for carbon-deposit and combustion-efficiency tests at relatively low 
inlet-air pressures and temperatures. A combustor liner and dome assem- 
bly from the same model engine was installed in the facility shown in 
figure 3(b) for carbon-deposit tests at a higher inlet-air pressure and 
temperature condition. 

Air-flow and fuel-flow rates to the combustors were measured with 
square-edged orifice plates (installed according to ASME specifications) 
and calibrated rotameters, respectively. Combustor- inlet and -outlet 
total pressures were measured with total-pressure probes connected to 
either manometers or strain-gage pickups. Combustor-inlet and -outlet 
temperatures were measured with bare- wire iron- cons tantan, chromel- 
aliomel, or platinum- rhodium - platinum thermocouple probes connected to 
self-balancing potentiometers. More complete details concerning the 
test installations and instrumentation are presented in references 2 
and 3. 


Carbon Formation 

Carbon-deposit tests were conducted at the following combustor op- 
erating conditions : 
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Condition 

I 

II 

Inlet-air pressure^ Ib/sq in. abs 

26.5 

141.0 

Inlet-air temperature^ 

271 

640 

Air-flow rate^ Ib/sec 

2.87 

12.0 

Outlet- gas temperature^ ^F 

1100 

1800 

Combustor reference velocity^ ft/sec 

110 

130 

Run time^ hr 

4 

1.5 

Simulated full-scale engine 



conditions : 



Pressure ratio 

4 

7 

Engine speedy percent rated 

90 

100 

Altitude^ ft 

20,000 

0 

Flight Mach number 

0 

0.87 


The combustor reference velocities listed in the table are based on the 
maximum cross-sectional area of the combustor, the weight flow of air, 
and the density of the air at combustor-inlet conditions. The run time 

was decreased to i-i hours at condition II because of limited life of the 

combustor liner at this condition. 

The four high-Btu-per-gallon fuels, one JP-4 fuel (52-76), and one 
JP-5 fuel (53-87) were tested at condition I. Only one of the high- 
Btu-per-gallon fuels B (54-224), one JP-4 fuel (52-288), and one JP-5 
fuel (54-35) were tested at condition II. Limited tests were conducted 
at both conditions to determine the effectiveness of a fuel-oil additive 
in reducing deposition tendencies of high-Btu-per-gallon fuels. The 
additive chosen contained lead and copper and previously gave the largest 
reduction in deposits with No. 2 furnace oil (ref. 4). This additive 
(additive A, ref. 4) was blended into fuels B (NACA fuel 54-224) and 
F54-19 (NACA fuel 54-225) in a concentration of 1 gallon of additive 
per 1000 gallons of fuel for tests at condition 1. The same concen- 
tration, of the same additive, was tested in JT-5 fuel 54-35 at condi- 
tion II. The fuels used for these additive tests were chosen for their 
hi^ carbon-forming tendencies. 

Prior to each test run the combustor liner and dome assembly, in- 
cluding the ignition plug, was cleaned with rotating brushes and weighed 
on a torsion- type balance. After the prescribed period of operation, 
the assembly was rewelghed; the difference in weight, plus the weight 
of any carbon collected from the fuel nozzle tip, is the amount of car- 
bon deposit reported herein. 

The relative concentration of exhaust-gas smoke formed with each 
fuel was measured at condition I. Exhaust-gas samples were withdrawn 
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from a single total-pressure probe, which was centrally located in the 
exhaust duct, through the "smoke meter" described in reference 5. The 
amoimt of carbon deposited on a paper filter disk was considered to be 
representative of the concentration of smoke in the exhaust gases. The 
optical densities of the smoke-covered filter disks from the smoke meter 
were determined with a transmission densitometer. The differences in 
optical density readings between the smoke-covered and clean filters are 
reported herein as "smoke density" . 


Combustion Efficiency 

Combustion efficiencies were calculated for the carbon-formation 
tests at conditions I and II. In addition, more detailed studies of 
combustion efficiency were conducted with JP-4, JP-5, and two of the 
hlgh-Btu-per-gallon fuels B and F54-19 (54-224 and 54-225) at the fol- 
lowing combustor operating conditions: 



Condition 

III 

IV 

Inlet-air pressure^ Ib/sq. in. abs 

7.37 

7.37 

Inlet-air temperature^ 

230 

230 

Air-flow rate^ Ib/sec 

0.75 

0.966 

Combustor reference velocity^ ft/sec 

98 

126 


These inlet-air conditions simulated operation of a 5-press\ire-ratio 
engine at 56,000-foot altitude, 85-percent rated engine speed, and a 
flight Mach number of 0.6. The air velocity at condition III is repre- 
sentative of velocities in current production engines; that at condition 
IV, of velocities in engines having higher capacity compressors. 

At conditions III and IV combustor perfomnance data were recorded 
over a range of outlet-gas temperatures. Combustion efficiencies were 
computed, by the method of reference 6, as the ratio of the actual to 
the theoretical increase in enthalpy across the combustor (stations 1 
to 2, fig. 3) multiplied by 100. The enthalpy of the exhaust gases was 
based on the arithmetic mean of 16 thermocouple indications at station 2. 


EESUITS 

Carbon Formation 

Carbon-deposit data obtained with the test fuels are presented in 
table II. The data for the JP-4 fuels and the No. 2 furnace oil were 
obtained in previous investigations (refs. 4, 7, and 8). At condition 
I the four high-Btu-per-gallon fuels gave larger, deposits than did the 
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JP-4 and JP-5 fuels. Reproducibility with the high -Btu-per -gallon fuel 
F54-19 was extremely poor, the deposits varying from 18.1 to 46.7 grams. 
Deposits obtained with fuels B and A were found, by spectroscopic analy- 
sis, to contain metallic con 5 >o\mds , principally lead (table II ). At 
condition II, only one of the high-Btu-per-gallon fuels, B, was tested. 

The deposits were about the same as those obtained with the "high 
qiiality" JP-4 fuel (52-288). There was no visml indication that the 
fuel B deposits at this condition contained metallic compounds; spectro- 
scopic tests of the deposits were not conducted. 

Deposit data with fuels containing an organo-metallic fuel-oil ad- 
ditive are presented in table III. The additive tests were conducted 
at each condition with fuels giving the largest deposits at that condi- 
tion. At condition I only a minor reduction was obtained with fuel B. 
Somewhat larger reductions were obtained with the high-Btu-per-gallon 
fuel, F54-19. The significance of this reduction is questionable, how- 
ever, because of the wide variation in deposit values obtained with the 
fuel containing no additive. The largest reductions were observed with 
JP-5 fuel 54-35 and No. 2 fxarnace oil (data of ref. 4). 

Exhaxzst-gas smoke data were obtained only at condition I; these 
data are presented in table IV. The highest smoke concentration was ob- 
served with fuel F54-19, which had the highest Btu per gallon. The lowest 
smoke concentration was observed with fviel A, which had an intermediate 
value of Btu per gallon. No smoke data were obtained with the JP-4 
fuels. The effect of the additive on smoke concentration was not con- 
sistent for the two fuels tested; the effect in any case was not large. 


Combustion Efficiency 

The data obtained in corab-ustion-eff iciency tests with JP-4, JP-5, 
and two experimental high-Btu-per-gallon fuels at conditions III and 
IV are presented in table V. Combustion efficiencies at conditions III 
and IV are plotted against temperature rise across the combustor in 
figure 4. At condition III maximum combustion efficiencies of about 87 
to 90 percent were obtained at a temperat\ore rise of about 1200° F . 

The increased air velocity at condition IV reduced efficiencies signifi- 
cantly and caused flame blow-out at values of temperature rise around 
1150° to 1250° F. Peak efficiencies at condition IV were obtained at 
lower temperat\are-rise values. 

Combustion performance data recorded during the carbon-deposit 
tests at conditions I and II are also presented in table V. At condi- 
tion I data were recorded 5 minutes after the start of the test and at 
the end of the test. At the high-press\jre condition II reliable data 
were obtained only at the beginning of the test run because of rapid 
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deterioration of the exhaust-gas temperature probes. The data show 
that, at these higher combustor pressures, differences among the fuels 
are diminished. At the intermediate pressure (condition l) JP-4 and 
JP-5 fuels gave efficiencies that were 3 to 7 percent higher than those 
of the high -Btu-per -gallon fuels. There was no consistent change in 
efficiency with rvm time, or, hence, with carbon build-up. At the 
highest pressure condition II the spread in efficiency was about 6 per- 
cent with the high -Btu-per -gallon fuel B giving the highest efficiency. 


DISCUSSION 
Carbon Forn^ation 

Large increases in the volmetric energy content of hydrocarbon 
Jet fuels are generally accon 5 )anied by increases in the polycyclic hy- 
drocarbon content. In the investigation of reference 1, polycyclic 
monomethylnaphthalene formed 26 times as much carbon as did AN-F-58, 
grade JP-3, fuel, which probably contained very little polycyclic 
material. Also, relations established between deposits and the NACA K 
factor (ref. 9) predict that the incltision of polycyclic hydrocarbons 
with their higher boiling temperatures and their lower hydrogen-carbon 
ratios will res\ilt in larger deposits. It is not s\irprising, then, 
that the fuels with higher Btu per gallon tested in this investigation 
gave larger deposits. In figijre 5 carbon deposits at condition I are 
plotted against volumetric energy content of the fuel. Experimental 
fuel F54-19 had the highest Btu per gallon, about 18 percent higher than 
JP-4 fuel, and gave the largest deposits; they were about four times 
those obtained with a "minimum quality" JP-4 fuel. Increased deposits 
were not caused directly by increased Btu per gallon, but rather by 
acconq)anylng changes in volatility and composition of the fuel. As 
noted in table II, the deposits with fuels A and B contained lead, which 
may mean, from prevlo\is studies (ref. 4), that the deposits with these 
fuels were erroneo\isly low. The lead contamination may have resxilted 
from the use of storage or shipping containers used previously for leaded 
gasoline. At condition II one of these fuels, B, with a 12-percent in- 
crease in Btu per gallon, gave less deposits than did either JP-4 or 
JP-5 fuels. The deposits with this fuel at condition II did not appear 
to contain metal contaminants. A similar inconsistency noted in refer- 
ence 8 was attributed to one of two factors: (l) the high inlet-air 

temperature at condition II may have vaporized the lead contaminant 
(probably tetraethyl lead) so rapidly that no significant quantity 
reached the liner walls; or (2) only a portion of the fuel shipment may 
have been contaminated. Since the addition of an organo-metalllc addi- 
tive to JP-5 fuel (54-35) did not produce any visual evidence of metal 
in the deposits at condition II, the first factor appears more likely. 


8 


NACA RM E55H10 


The process by which lead and other metallic compounds reduce deposits 
is not known; the beneficial effects may not require that the material 
actually reach the walls. 

The addition of an organo-metallic additive reduced deposits in 
r 1 1 cases. At condition I the largest reduction (74 percent) occurred 
with the No. 2 furnace oil (ref. 8). With the additive, this fuel, which 
has a 9-percent higher Btu per gallon than JP-4 fuel, gave less deposits 
than did the JP-4 fuel. The additive was considerably less effective 
with the other high -Btu-per -gallon fuels. Reduced effectiveness with 
experimental fuel B would be expected since this fuel showed evidence of 
lead contamination in tests without the additive. Even without contam- 
ination, however, variations in the effectiveness of the additive with 
different base fuels have been observed (ref. 4). At condition II the 
additive reduced deposits with JP-5 fuel (54-35) about 78 percent, the 
largest reduction obtained in any of the tests (table III). With the 
additive the JP-5 fuel gave considerably less carbon than did JP-4 with- 
out additive. 

Average deposits obtained at condition I are plotted against three 
empirical fuel factors in figure 6. These factors, smoke-volatility 
index (SVi), smoke point, and NACA K factor (table l), have been used 
in previous investigations to correlate carbon deposits (ref. 8). The 
solid symbols in figure 6 denote deposits that showed evidence of metal 
contamination. The correlation curves from reference 8 are presented 
in figure 6; these curves satisfactorily correlated deposit data ob- 
tained at condition I with 20 JP-3 and JP-4 fuels. The correlation 
curve for smoke point applies reasonably well to the data obtained with 
the high-Btu-per- gallon fuels (fig. 6(b)). The curves for SVI and NACA 
K factor (figs. 6(a) and (c)), however, do not; deposits from the high- 
Btu-per-gallon fuels were lower than would be predicted. Separate K 
factor and SVI curves are faired through the high-Btu-per- gallon fuel 
deposits in figirres 6(a) and (c); deposits that showed evidence of con- 
tamination were not considered. While these curves appear to correlate 
the hlgh-Btu-per-gallon fuel data reasonably well, the data are very 
limited . 

Examination of deposit data at condition II for the JP-5 and ex- 
perimental hlgh-Btu-per-gallon fuels indicated no satisfactory correla- 
tions with the fuel factors. Similar results were obtained in reference 
8 with JP-3 and JP-4 fuels. As noted in reference 8, deposits at condi- 
tion II form in less regular patterns within the combustor and are not 
as reproducible as those formed at condition I. 

The relative exhaust-gas smoke densities observed with the JP-5 
fuel and the experimental hlgh-Btu-per-gallon fuels varied from 0.12 to 
0.40. Experimental data relating these densities to the visual intensity 
of smoke in engine exhaust gases are not available. It is known that 
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production JP-4 fuels produce excessive smoke in some current jet en- 
gines. The smoke densities of a series of JP-4 fuels ^ measured in the 
same test facility and at the same conditions as used for the present 
investigation, varied from 0.05 to 0.15 (ref. 8). Since smoke densities 
with JP-5 fuel and three of the high-Btu-per-gallon fuels were con- 
siderably greater, 0.16 to 0.43, it may be assumed that these fuels will 
seidously aggravate the smoke problem. Additives that effectively re- 
duced carbon deposits in this and in a previous investigation (ref. 4) 
have not shown any promise of alleviating the exhaust-gas smoke problem. 
It may be necessary, then, to rely on combustor design modifications for 
reducing exhaust-gas smoke with the high-Btu-per-gallon fuels. One such 
modification is described in reference 5. 


Combustion Efficiency 

Combustion efficiencies of the test fuels were significantly dif- 
ferent only at inlet-air conditions simulating high altitude (56,000 ft) 
and 85-percent engine speed operation (conditions III and IV) . Their 
efficiencies at these conditions are compared in figure 7. At condi- 
tion III (fig. 7(a)) the efficiencies varied by about 8 percent at low 
tempera t\ire rise and by only 3 percent at maximum efficiency conditions. 
At condition IV (fig. 7(b)) the variation in efficiency among the fuels 
was again about 8 percent at low temperature rise, but was considerably 
greater at high temperature rise. 

At velocity conditions representative of current operation (con- 
dition III) the highest combustion efficiencies were obtained with JP-4 
fuel. The efficiency with this fuel was about 84 percent at the 680° F 
temperature rise required for 85-percent engine speed operation. At 
these same conditions the two experimental high-Btu-per-gallon fuels 
gave efficiencies 5 to 9 percent lower than JP-4 fuel. In reference 1 
AN-F-58 fuel (equivalent to MIL-F-5624B, grade JP-3) operated with an 
efficiency of about 81 percent in the same combustor at similar condi- 
tions (altitude, 56,000 ft, 90-percent rated engine speed, and a flight 
Mach nimiber of 0.6). The efficiency of the high-Btu-per-gallon fuel 
tested in reference 1, monomethylnaphthalene , was 25 percent lower at 
the same operating conditions. Thus, experimental fuel F54-19 gave 
considerably higher efficiencies. In addition, its volumetric energy 
content was about the same as that of monomethylnaphthalene, and its 
gravimetric energy content was 3 percent higher. 

Some consideration has been given to the use of JP-5 fuel in futirre 
jet-powered aircraft. As seen in figure 1 this fuel has a significantly 
higher Btu per gallon accompanied by little, if any, reduction in Btu 
per pound. In addition, its lower volatility would result in less evap- 
oration loss at high altitudes. At the high altitude condition III 
(fig. 7(a)) and at the temperatiire rise required for 85-percent engine 
speed operation, JP-5 fuel gave efficiencies only 3 percent lower than 
JP-4. 
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At values of temperature rise that would be req.uired for rated 
engine speed operation at condition III (about 1200^ P)^ the effi- 
ciencies with the JP-4 fuel^ the experimental fuels ^ and the JP-5 fuel 
were within 3 percent of each other. At rated engine speed the combustor- 
inlet pressures wo\ild also be somewhat higher, and the differences among 
the fuels would tend to be even less. 

Increasing combustor air velocity by 30 percent (condition IV) had 
a detrimental effect on combustion efficiency and flame blow-out limits. 
The poor perfomance at high values of temperature rise indicates an 
over-rich mixture condition in the primary combustion zone. As would 
be expected, this was particularly severe with the most volatile fuel 
(jP-4) . The higher velocities probably altered the distribution of air 
between the primary and secondary zones of the combustor. 

The combustor used in this investigation was not designed for the 
high-boiling-temperature fuels tested, nor was it designed for the high 
air velocity at condition IV. Design modifications to the combustor 
and to the fuel injector woiild be expected to improve performance char- 
acteristics. Data of reference 10, obtained with JP-4 fuel and a high- 
Btu-per- gallon hydrocarbon (monomethylnaphthalene) show that the use of 
a vaporizing- type combustor tends to diminish effects of fuel properties 
on efficiency. An experimental vaporizing combustor that provided ex- 
cellent combustor performance characteristics is described in reference 
11. In this combustor, the fuel is preheated and vaporized in a flame- 
immersed heat exchanger and sprayed in a conventional manner from the 
upstream end of the combustor. This combustor may improve combustion 
efficiencies with the high-Btu-per-gallon fuels considerably. 

A problem that may be encountered in vaporizing combustors operat- 
ing on high-Btu-per-gallon fuels is coke formation within the vaporizing 
tubes. In reference 12, a single-tube Mamba vaporizing combustor was 
operated with a fuel (W-42) having properties similar to those of fuel 
F54-19. Prohibitive amounts of deposits were formed within the vapor- 
izing system. While the severity of this problem will depend upon the 
design at the vaporizing system, an increased tendency toward deposition 
with the high-Btu-per-gallon fuels is expected. 


SUMMARY OF RESUIITS 

Carbon formation and combustion efficiencies were determined with 
JP-4 and JP-5 fuels and four experimental high- volumetric -energy- content 
fuels in a single tubular turbojet combustor. The following results 
were obtained: 

1. In general, larger carbon deposits were obtained with the high- 
Btu-per-gallon fuels than with the JP-4 and JP-5 fuels. A single curve 
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correlated deposits of JP-3, JP-4, JP-5^ and the experimental hlgh- 
Btu-per- gallon fuels with smoke points of the fuels. Significant re- 
ductions in carbon deposits were obtained with the addition of a 
commercial fuel-oil additive. 

2. The JP-5 fuels and three of the four experimental hlgh-Btu-per- 
gallon fuels produced more exhaust-gas smoke than did JP-4 fuel in 
previous tests. No consistent effect of the fuel-oil additive on smoke 
was observed. 

3. At conditions simulating low-altitude engine operation in 
ceirbon-deposit tests^ there were no significant differences in combus- 
tion efficiency among the test fuels. At high-altitude (56^000 ft) 
cruise conditions^ efficiencies with JP-4 fuel were about 3 percent 
liigher than those with JP-5 fuel^ and 5 to 9 percent higher ttian those 
with the experimental fuels . 


CONCLUDING REMARKS 

Experimental hlgh-volimietric- energy- content fuels generally gave 
larger carbon deposits^ more exhaust-gas smoke^ and lower combustion 
efficiencies at severe operating conditions th^ JP-4 or JP-5 fuels. 
However^ the turbojet combustor used for these tests was not designed 
for the kinds of fuels included in the investigation. It is believed 
that the observed performance deficiencies may be reduced to a tolerable 
level by design modifications to the combustor and the use of fuel ad- 
ditives^ or both. 


Lewis Flight Propvilsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland^ Ohio^ August 9^ 1955 
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TABLE I. - FUEL ANALYSES 



JP-4 

fuel 

JP-5 

fuel 

No. 2 

furnace 

oil 

A 

B 

F54-19 

NACA fuel 

52-288 

52-76 

53-87 

54-35 

53-193 

54-232 

54-224 

54-225 

A.S.T.M. distillation, D86-52, °F 









Initial boiling point 

139 

142 

370 

360 

374 

390 

490 

430 

Percent evaporated 









5 

224 

201 

387 

373 

422 

417 

510 

462 

10 

253 

220 

394 

382 

434 

427 

510 

468 

20 

291 

244 

402 

399 

462 

439 

516 

474 

30 

311 

263 

416 

409 

484 

449 

524 

480 

40 

324 

283 

424 

419 

504 

459 

530 

488 

50 

333 

304 

435 

429 

520 

470 

536 

494 

60 

347 

324 

440 

439 

534 

482 

544 

500 

70 

363 

348 

452 

449 

548 

496 

554 

512 

80 

382 

381 

465 

459 

564 

515 

566 

526 

90 

413 

438 

484 

473 

591 

542 

586 

552 

End point 

486 

494 

532 

502 

627 

592 

619 

612 

Residue, percent 

— 

1.2 

1.4 

1.0 

1.5 

1.3 

1.5 

1.0 

Loss, percent 

— 

0.8 

0 

1.0 

0 

0.2 

0 

0 

Freezing point, °F 

<-76 

<-76 

— 

-48 

-13 

<-76 

-72 

-14 

Reid vapor pressure, Ib/sq in. 

2.7 

2.3 

— 

— 

— 

— 

— 

— 

Aromatics, percent by volume 

10 

24 

13.8 

13.7 

31.5 

30.0 

39.4 

86.0 

Bromine number ^ 

— 

— 

— 

— 

7.8 

— 

— 

— 

Accelerated gum, mg/lOO ml 

— 

3 

— 

5 

48 

30 

117 

406 

E:dL stent gum, mg/lOO ml 

-- 

1 

— 

1 

7 

10 

31 

130 

Eydrogen-ceurbon ratio^ 

0.168 

0.156 

0.162 

0.160 

0.145 

0.148 

0.144 

0.099 

Heat of combustion^, 

18,675 

18,475 

18,625 

18,600 

18,400 

18,350 

18,325 

17,400 

Heat of combustion, Btu/galXlO“^ 

121.0 

121.4 

126.9' 

126.6 

132.2 

133.0 

135.9' 

142.8 

Aniline -gravity product 

6950 

5133 

6430 

6271 

4402 

3776 

3517 


Specific gravity, 60°/60° F 

0.776 

0.787 

0.816 

0.815 

0.861 

0.868 

0.888 

0.983 

Gravity, °A.P.I. 

50.8 

48.2 

42.0 

42.2 

32.8 

31.6, 

27.8, 

12.5 

Aniline point, °F 

136.8 

106.5 

153.1 

148.6 

134.2 

119.5 

126.5 

<20 

Smoke -volatility index° 

68.3 

51 

30.5 

32.1 

13.0 

13.3 

11.0 

4.5 

Smoke point, mm 

^32.0 

^16.5 

^23.1 

®23.3 

°12.0 

°12.0 

°11.0 

°4.5 

Flash point, °F 

— 

— 

170 

170 

— 

160 

175 

255 

NACA K factor^ 

278 

316 

335 

340 

423 

398 

434 

518 


Q-Determined by combustion furnace. 

^Estimated from aniline -gravity constant. 

^Smoke volatility index = Smoke point +0.42 (volume percent of fuel boiling under 400° F) . 
%)etermined by modified Davis factor lamp (ref. 13). 
determined by method 2107 of specification W-L-791. 

^Ref. 9. 
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TABLE II. - SINGLE COMBUSTOR DEPOSITS 


Fuel 

type 

NACA 

fuel 

Carbon 

deposits, 

g 

Average 

deposits^ 

g 

Average 

variation^ 

percent 

(a) 

Eemarks 

Condition I 

JP-4 

52-76 




7.4 

— 

(t) 

JP-5 

53-87 

5.3 

5.0 

— 

5.2 

3 

— 

No. 2 








furnace 








oil 

53-193 

20.7 

20.6 

20.1 

20.5 

1 

(c) 

B 

54-224 

10.0 

14.2 

— 

12.1 

17 

(<i) 

F54-19 

54-225 

46.7 

24.1 

18.1 

29.6 

38 

— 

A 

54-232 

9.5 

8.8 

— 

9.2 

4 

(e) 

Condition II 

JP-4 

52-288 

3.3 

2.4 



2.9 

16 

(f) 

JP-5 

54-35 

4.3 

4.6 

— 

4.5 

3 


B 

54-224 

2.7 

2.2 

— 

2.5 

10 



^Arithmetical average percent variation of individual car- 
bon deposit values from average deposit. 

^Data from ref. 7. 

'^Data from ref. 4. 

*^ray, brown, and yellow deposits. Spectroscopic analysis 
indicated high concentration of lead, with some copper 
and magnesi\mi. 

®Dark gray deposits. Spectroscopic analysis indicated 
higb concentration of lead with some iron, zinc, and 
silicon. 

%ata from ref. 8. 
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TABLE III. - DEPOSITS WITH FUELS CONTAINING ADDITIVE^ 


Fuel 

type 

NACA 

fuel 

Condi- 

tion 

Carbon 

deposits^ 

g 

Average 

deposits, 

g 

Average 

variation^ 

percent 

(b) 

Average 
deposit 
reduction^ 
percent of 
base fuel 
deposit 

B 

54-224 

I 

ClO.l 

ciO.l 

__ _ 

17 

F 54-19 

54-225 

I 

<^ 22.6 

^ 22.6 

— 

24 

No. 2 

furnace 

oil 

53-193 

I 

®4.9,®5.6 

®5.3 

®7 

®74 

JP-5 

54-35 

II 

0. 7,1.2 

1.0 

25 

78 


^'Additive A (ref. 4)^ 1 gal/lOOO gal of base fuel. 

T_ 

^Arithmetical average percent variation of individual carbon 
deposit values from arithmetical average deposit, 

^Brown deposits with some gray-green areas, 
brownish cast to deposits. 

^Data from ref. 4. 


TABLE IV. - EXHAUST-GAS SMOKE DATA^ COM)ITIOW I 


Fuel 

type 

NACA 

fuel 

Smoke 

density 

(a) 

Average 

smoke 

density 

JP-5 

53-87 

0.29,0.24,0.21, 

0.26,0.28,0.18 

0.24 

No. 2 

furnace 

oil 

53-193 

0.19,0.19,0.27, 

0.21,0.16,0.32, 

0.27,0.19,0.19 

0.22 

B 

54-224 

0.21,0.28,0.26, 

0.25,0.22,0.22 

0.24 

B 

54-224 and 
additive 

0.15,0.17,0.16 

0.16 

F54-19 

54-225 

0.37,0.36,0.35 

0.48,0.48,0.48, 

0.39,0.29,0.41 

0.40 

F54-19 

54-225 and 
additive 

0.39,0.40,0.51 

0.43 

A 

54-232 

0.17,0.07,0.12, 

0.15,0.12,0.12, 

0.08,0.10,0.11 

0.12 


^Determined by method of ref. 5. 
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TABLE V. - COMBUSTION PERFORMANCE DATA 


Run 

Fuel 

type 

NACA 

fuel 

Condi- 

tion 

Combustor- 
inlet 
total 
pressure, 
in. Hg abs 

Combus- 

tor- 

inlet 

total 

tempera- 

ture, 

°F 

Air- 

flow 

rate, 

Ib/sec 

Combus- 

tor 

refer- 

ence 

veloc- 

ity, 

ft/sec 

Fuel- 

flow 

rate, 

Ib/hr 

Fuel- 

air 

ratio 

Mean 

combus- 

tor- 

outlet 

tempera- 

turg. 

Mean 

tempera- 

ture 

rise 

through 

combus- 

tor, 

OF 

Combus- 

tion 

effi- 

ciency, 

percent 

1 

JP-4 

52-288 

IV 

14.9 

226 

0.970 

126 

86.2 

0.0247 

1365 

1139 

68 

2 




14.9 

230 

.967 

126 

61.2 

.0176 

1215 

985 

80 

3 




15.0 

233 

.962 

125 

48.0 

.0139 

1015 

782 

79 

4 




15.0 

234 

.966 

126 

41.4 

.0119 

900 

666 

77 

5 




15.0 

236 

.965 

126 

51.2 

.0147 

1090 

854 

82 

6 




15.0 

236 

.965 

126 

69.0 

.0199 

1295 

1059 

77 

7 

JP-4 

52-288 

III 

15.0 

232 

0.750 

98 

63.1 

0.0234 

1595 

1363 

87 

8 




15.0 

230 

.751 

97 

50.6 

.0187 

1390 

1160 

90 

9 




15.0 

230 

.751 

97 

40.8 

.0151 

1180 

950 

89 

10 




15.0 

228 

.747 

97 

28.9 

.0107 

880 

652 

84 

11 




15.0 

228 

.751 

97 

37.6 

.0139 

1090 

862 

87 

12 




15.1 

228 

.750 

96 

48.4 

.0179 

1350 

1122 

90 

13 




15.0 

228 

.746 

97 

57.8 

.0215 

1505 

1277 

87 

14 

JP-5 

54-35 

IV 

15.0 

220 

0.947 

121 

76.0 

0.0223 

1420 

1200 

79 

15 




15.0 

226 

.947 

122 

59.4 

.0174 

1240 

1014 

84 

16 




15.1 

230 

.946 

122 

48.7 

.0143 

1035 

805 

79 

17 




15.0 

230 

.946 

123 

40.6 

.0119 

880 

650 

76 

18 




15.0 

232 

.944 

123 

53.3 

.0157 

1120 

888 

80 

19 




15.1 

235 

.945 

123 

64.0 

.0188 

1320 

1085 

84 

20 

JP-5 

54-35 

III 

14.9 

231 

0.752 

98 

67.2 

0.0248 

1660 

1429 

86 

21 




15.0 

230 

.751 

97 

52.8 

.0195 

1390 

1160 

86 

22 




14.8 

230 

.758 

100 

44.3 

.0163 

1200 

970 

85 

23 




14.8 

230 

.758 

100 

34.8 

.0128 

990 

760 

83 

24 




14.8 

230 

.757 

100 

31.0 

.0114 

890 

660 

80 

25 

JP-5 

54-35 

III 

15.1 

230 

0.757 

99 

40.6 

0.0149 

1125 

895 

85 

26 




15.2 

230 

.759 

97 

49.0 

.0179 

1325 

1105 

88 

27 




15.0 

231 

.760 

99 

58.4 

.0214 

1505 

1274 

88 

28 




15.0 

235 

.757 

99 

52.4 

.0192 

1400 

1165 

88 

29 




15.1 

233 

.756 

98 

59.6 

.0219 

1525 

1292 

87 

30 

B 

54-224 

III 

15.0 

216 

0.746 

95 

68.6 

0.0256 

1645 

1429 

85 

31 




15.0 

218 

.750 

96 

55.5 

.0206 

1445 

1227 

88 

32 




14.8 

220 

.754 

98 

45.4 

.0167 

1200 

980 

85 

33 




15.0 

220 

.747 

96 

37.4 

.0139 

1000 

780 

80 

34 




15.0 

220 

.751 

96 

33.9 

.0125 

885 

665 

75 

35 

B 

54-224 

III 

15.0 

220 

0.747 

96 

41.9 

0.0156 

1110 

890 

82 

36 




15.0 

221 

.747 

96 

51.6 

.0192 

1350 

1129 

86 

37 




15.0 

222 

.748 

96 

62.0 

.0230 

1555 

1333 

87 

38 




15.0 

224 

.753 

97 

71.0 

.0262 

1715 

1491 

87 

39 

B 

54-224 

IV 

15.1 

230 

0.966 

125 

76.0 

0.0219 

1410 

1180 

80 

40 




14.9 

232 

.962 

126 

62.0 

.0179 

1220 

988 

80 

41 




15.0 

234 

.964 

126 

51.3 

.0148 

1015 

781 

75 

42 




15.0 

234 

.966 

126 

45.8 

.0132 

890 

656 

70 

43 




15.0 

234 

.966 

126 

56.9 

.0164 

1120 

886 

78 

44 




15.0 

235 

.966 

126 

69.8 

.0201 

1320 

1085 

80 

45 




15.0 

235 

.964 

126 

90.2 

.0260 

1480 

1245 

72 

46 

F54-19 

54-225 

III 

15.0 

230 

0.746 

97 

65.5 

0.0244 

1520 

1290 

83 

47 





230 

.741 

96 

50.0 

.0187 

1310 

1080 

88 

48 





231 

.746 

97 

43.2 

.0161 

1115 

884 

83 

49 





232 

.753 

98 

34.2 

.0126 

915 

683 

80 

50 





231 

.748 

97 

39.2 

.0146 

1050 

819 

84 

51 





230 

.748 

97 

48.4 

.0180 

1225 

995 

84 

52 





230 

.743 

96 

55.9 

.0209 

1415 

1185 

88 
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TABLE V. - Concluded. COMBUSTION PERFORMANCE DATA 


Run 

Fuel 

NACA 

Condi- 

Combustor- 

Combus- 

Air- 

Combus- 

Fuel- 

Fuel- 

Mean 

Mean 

Combus- 


type 

fuel 

tlon 

Inlet 

tor- 

flow 

tor 

flow 

air 

combus- 

tempera- 

tion 





total 

Inlet 

rate. 

refer- 

rate. 

ratio 

tor- 

ture 

effi- 





pressure. 

total 

Ib/sec 

ence 

Ib/hr 


outlet 

rise 

ciency. 





In . Hg abs 

tempera- 


veloc- 


tempera- 

through 

percent 








ity, 

ft/sec 




combus- 

tor. 













Of 


53 

F54-19 

54-225 

IV 

15.0 

235 

0.970 

127 

76.5 

0.0219 

1300 

1065 

75 

54 




15.0 

236 

.963 

126 

62.7 

.0181 

1135 

899 

75 

55 




15.0 

236 

.964 

126 

48.7 

.0140 

885 

649 

68 

56 




15.1 

236 

.966 

126 

55.4 

.0139 

1015 

779 

73 

57 




15.0 

236 

.967 

127 

70.1 

.0201 

1210 

974 

74 

^649 

JP-4 

52-76 

I 

53.9 

271 

2.87 

110 

127.3 

0.0123 

'1135 

864 

97 

°651 

^654 










1130 

859 

96 










1135 

864 

97 

°656 

^659 










1135 

864 

97 










1130 

859 

96 

“661 










1120 

849 

95 

^822 

JP-5 

53-87 

I 

53.9 

271 

2.87 

110 

127.3 

0.0123 

1170 

899 

100 

“824 

J827 










1120 

849 

94 










1125 

854 

95 

“829 










1130 

859 

95 

^575 

No. 2 

53-193 

I 

53.9 

271 

2.87 

110 

127.3 

0.0123 

1040 

769 

86 

^579 

^580 

furnace 

oil 









1050 

1080 

779 

809 

87 

90 

°582 

J585 










1080 

809 

90 










1085 

814 

91 

“587 










1090 

819 

92 

^520 

B 

54-224 

I 

53.9 

271 

2.87 

110 

127.3 

0.0123 

1095 

824 

93 

°522 

^525 










1085 

814 

91 










1100 

829 

94 

“527 










1090 

819 

92 

as45 

F54-19 

54-225 

I 

53.9 

271 

2.87 

110 

127.3 

0.0123 

1040 

769 

91 

°547 

^550 










1045 

774 

91 










1040 

769 

91 

“552 

^555 










1030 

759 

90 










1005 

734 

86 

“557 










1015 

744 

88 

^530 

A 

54-232 

I 

53.9 

271 

2.87 

110 

127.3 

0.0123 

1085 

814 

91 

“532 

^535 










1100 

829 

93 










1085 

814 

91 

“537 

J540 










1085 

814 

91 










1130 

859 

97 

“542 










1080 

809 

91 

a420 

JP-4 

52-288 

II 

286.9 

640 

12.03 

130 

778 

0.0180 

1750 

1110 

95 

a422 

JP-4 

52-288 


286.9 

650 

11.97 

131 

778 

.0181 

1750 

1100 

93 

&425 

JP-5 

54-35 


286.5 

648 

12.04 

132 

776 

.0179 

1725 

1077 

92 

a428 

JP-5 

54-35 


287.0 

654 

12.01 

132 

773 

.0179 

1740 

1086 

93 

^413 

B 

54-224 


286.5 

650 

12.05 

132 

790 

.0182 

1805 

1155 

99 

a416 

B 

54-224 


287.7 

648 

11.93 

130 

790 

.0184 

1805 

1157 

98 


^5 Min. from start of test. 
^240 Min. from start of test. 
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Figure 1. - Volumetric and gravimetric heating values of test fuels. 
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(a) Low-pressure facility. 

Figure 3. - Single -combustor installation and auxiliary equipment. 
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(b) High-pressure facility. 

Figure 3. - Concluded. Single- combustor installation and auxiliary equipment. 
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(a) JP-4 fuel (NACA fuel 52-288). 



(o) Experimental fuel B (NACA fuel 54-224). 



(b) JP-5 fuel (NACA fuel 54-35). (d) Experimental fuel F54-19 (NACA fuel 54-225) 

Figure 4. - Variation of combustion efficiency with combustor temperature rise for JP-4, JP-5, and 
two experimental hlgh-Btu-per-gallon fuels. 
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Figure 5. - Relation between single -combustor carbon deposits at 
condition I and volumetric energy contents of fuels. 
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(a) Smoke-volatility Index. 

Figure 6. - Relations between single-combustor carbon deposits at condition I and empirical fuel factors 
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Figure 6. - Continued. Relations between single -combustor carbon deposits at condition I and empirical 
fuel factors. 
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(c) NACA K factor. 

Figure 6. - Concluded. Relations between single-combustor carbon deposits at condition I 
and empirical fuel factors . 


MCA EM E55H10 


Combustion efficiency^ percent 


MCA EM E55H10 


27 




("b) Condition IV; reference velocity, 126 feet per second. 

Figure 7 . - Comparison of combustion efficiencies obtained 
with JP-4. JP-5, and two experimental high Btu -per -gallon 
-'Is. 
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